To evaluate how aging alters 24-hour measurements of intraocular pressure (IOP) in the sitting and supine body positions. METHODS. Fifteen older volunteers with healthy eyes (ages, 53-71 years) were each housed for 1 day in a sleep laboratory. An 8-hour accustomed sleep period was assigned to each subject. Every 2 hours, measurements of IOP were taken in the sitting and supine positions. Sitting and supine patterns of 24-hour IOP were compared. Simulated 24-hour IOP rhythms in the same body position were determined using cosine fitting of individual 24-hour data. The average postural IOP effects during the diurnal/wake period and the nocturnal/sleep period were compared. Data from this group of older subjects were compared with previously collected data from 16 healthy younger subjects (ages, 18 -25 years) under the same experimental conditions. RESULTS. Within each age group, sitting and supine patterns of 24-hour IOP were similar and parallel. Compared to the younger subjects, the phase timing (simulated peak) of 24-hour IOP was significantly delayed for the older subjects in both body positions. The postural IOP effect for the older subjects was 4.7 Ϯ 0.8 and 4.8 Ϯ 0.8 mm Hg during the diurnal and nocturnal periods, respectively. These postural IOP effects were not significantly different from the postural effects in the younger subjects. CONCLUSIONS. Although aging can significantly delay the phase timing of the 24-hour IOP pattern toward the diurnal/awake period, it may not affect the postural IOP effect during the diurnal and the nocturnal periods. (Invest Ophthalmol Vis Sci. 2012;53:112-116) DOI:10.1167/iovs.11-8763 I ntraocular pressure (IOP) in the human eye is regulated by the rate of aqueous humor formation, the resistance of aqueous humor outflow, and the episcleral venous pressure. IOP varies throughout a 24-hour period due to changes in these physiologic parameters. In healthy younger and nonmyopic subjects, there is 24-hour variation of IOP with a peak value in most individuals occurring in the late nocturnal/sleep period in either sitting or supine body position, independent of posture.
I ntraocular pressure (IOP) in the human eye is regulated by the rate of aqueous humor formation, the resistance of aqueous humor outflow, and the episcleral venous pressure. IOP varies throughout a 24-hour period due to changes in these physiologic parameters. In healthy younger and nonmyopic subjects, there is 24-hour variation of IOP with a peak value in most individuals occurring in the late nocturnal/sleep period in either sitting or supine body position, independent of posture. 1, 2 Postural IOP effects, the difference in IOP between the sitting and supine body positions, are not significantly different between the diurnal and nocturnal periods. 1 However, an earlier study indicated that the 24-hour IOP variation in the aging population may be different from that in the younger subjects. 3 Changes in 24-hour IOP measurements may occur because of age-related structural or functional changes, including alterations in hormonal and neural activities for the regulation of IOP. Circulating levels and timing of glucocorticoids and melatonin as well as the neuronal activities such as the baroreflex may affect the IOP pattern and its variation within a 24-hour period. 4 -8 A reported age-related change is the postural IOP effect, 9, 10 which is associated with the hydrostatic response in the episcleral venous pressure and the redistribution of body fluid including the choroidal vascular volume. [11] [12] [13] Supporting evidence, however, was limited to observations during the diurnal/wake period. 9, 11, 12 The impact of aging on the postural IOP effect during the nocturnal/sleep period is unknown.
If aging alters the 24-hour IOP rhythm and has a similar influence on the postural IOP effect within 24 hours, the 24-hour IOP patterns in the sitting and supine body position should be shifted in the older subjects, but the 24-hour change patterns should remain parallel. To test this hypothesis, we prospectively collected 24-hour IOP data from a group of relatively older volunteers in both the sitting and supine positions. The phase timings (simulated peak) and the magnitudes of variation for posture-independent rhythms and the diurnal and nocturnal postural IOP effects were compared in this age group. Comparisons were also taken with data from a group of healthy younger subjects in a previous report in 2003.
1

METHODS
The study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University of California, San Diego. Study subjects were 15 healthy, nonsmoking volunteers, recruited from university employees (age range, 53-71 years). Written informed consent was obtained. Exclusion criteria included myopia over 3 D, use of routine medication that might affect IOP, and the presence of ocular disease. All subjects underwent a complete ophthalmic examination consisting of a medical history, best corrected visual acuity, slit lamp biomicroscopy, Goldmann applanation tonometry, and dilated funduscopy during office hours. Subjects also had a normal visual field test (using Statpac II, full-threshold 24-2; Zeiss Humphrey Field Analyzer, Carl Zeiss Meditec, Inc., Dublin, CA). We sought to recruit a representative sample of older adults. Therefore, subjects taking routine medications for chronic age-related conditions, such as systemic anticholesterol, antihypertensive, antiinflammatory, antidepressant, and estrogen replacement drugs were not restricted.
Individuals were selected who had a regular daily sleep cycle of approximately 8 hours. Before the laboratory session, they were instructed to maintain an accustomed 8-hour sleep period with lights off and lying down for 7 days. They were required to wear a wristmounted device (Actiwatch; Mini Mitter, Sunriver, OR) to monitor physical activity and light exposure and to keep a wake-sleep log. They were instructed to abstain from alcohol for 3 days and coffee intake for 1 day before the laboratory session.
Subjects reported to the sleep laboratory at approximately 2 PM and stayed indoors for 24 hours. Laboratory conditions were strictly controlled as in the previous study that enrolled healthy younger subjects whose data were available for comparisons. 1 The 8-hour period of darkness in each subjects' room was adjusted to correspond to the individual's sleep cycle, and the clock times for the IOP measurements were individualized correspondingly. For data presentation, clock times were normalized as if each subject slept from 11 PM to 7 AM. 1 Measurements of IOP in both eyes were taken by experienced examiners every 2 hours in the supine and then in the sitting position with a pneumatonometer (Model 30 Classic; Reichert, Depew, NY). The device has a resolution of 0.5 mm Hg. Measurements were always taken first in the right eye. Proparacaine 0.5% was applied to the eye for local anesthesia. A hard-copy printout was produced for each measurement and inspected visually. Before the nocturnal/sleep period, IOP was measured at 3:30, 5:30, 7:30, and 9:30 PM. The subjects were instructed to lie on the bed for 5 minutes before the supine IOP measurements, and they then assumed a vertical position for 5 minutes before the sitting IOP measurements. Blood pressure and heart rate were measured immediately before the IOP measurements. Lights were turned off at 11:00 PM and nocturnal measurements were taken at 11.30 PM and 1:30, 3:30, and 5:30 AM. The subjects were awakened, if necessary, and the supine measurements were taken immediately under dim light (Ͻ10 lux). The subjects resumed the sitting position, and IOP was measured 5 minutes later. Their light exposure was kept to a minimum during the nocturnal period. When the assigned nocturnal period ended at 7 AM, room lights were turned on and subjects were awakened, if necessary. IOP measurements were taken again at 7:30, 9:30, and 11:30 AM and 1:30 PM, as described previously. Food and water were available at all times, and meal times were not regulated. Room activities were continuously videotaped for 24 hours by infrared cameras.
The IOPs from both eyes were averaged and used for data analysis. The mean sitting and supine IOPs were calculated at each time point. Postural IOP changes were determined as the difference between the IOP measured in the sitting and supine positions. The postural IOP changes were averaged for the diurnal period (eight data points) and the nocturnal period (four data points). Using the best-fitting cosine curve, 14 we estimated the 24-hour IOP rhythms for each subject in both body positions. With the 12 IOP time points, a cosine-fit curve was generated for each subject in sitting and supine. The cosinor method was used to characterize the 24-hour rhythm of variables and measure acrophase and amplitude. The acrophase (cosinor analysisderived peak time) represented the phase timing. The amplitudes (half distance between the cosine-fit maximum and minimum) provided the simulated variation for the 24-hour rhythm. The null hypothesis that phase timings were distributed randomly in 24 hours was tested with the Rayleigh test. 15 A significant difference would indicate a synchronized 24-hour rhythm for the group. The acrophases and amplitudes of supine IOP and sitting IOP were compared using the Wilcoxon signed rank test for paired data within the group of older subjects. P Ͻ 0.05 indicated statistically significant. Results from this group of older subjects were compared with results from a group of healthy younger subjects whose data were collected under the same conditions. 1
RESULTS
Fifteen older volunteers with healthy eyes were recruited, and all completed the study. Their demographic data are presented in Table 1 . Twelve older subjects were routinely using anticholesterol, antihypertensive, antiinflammatory, antidepressant, and estrogen replacement drugs. Figure 1 shows the 24-hour sitting and supine IOP profiles for both age groups. In both groups, there was a gradual decrease in IOP in the diurnal period, and it reached the trough before sleep time at 11 PM. In the older group, a gradual increase in IOP occurred during the nocturnal period, reaching a peak in the morning hours after awakening. In the younger group, the peak was reached at the end of the nocturnal period before awakening. For each age group, change patterns of 24-hour sitting and supine IOP curve were parallel by visual inspection. Compared with the younger subjects, change patterns of 24-hour IOP in the older group were shifted to the right.
Cosine fits of sitting and supine IOP data were computed for each subject and the acrophases and amplitudes were determined. Synchronized 24-hour IOP rhythms appeared for the elder group as well as for the younger group (Rayleigh test). Compared to younger subjects, the phase timings for 24-hour IOP rhythms were significantly delayed for the older subjects both in the sitting (P ϭ 0.004) and in the supine position (P ϭ 0.002). Simulated 24-hour IOP fluctuations showed no difference between the older and younger subjects in either body position (data not shown).
The diurnal and nocturnal IOP levels for the older and younger subjects are summarized in Table 2 . For the older group, the postural IOP effect during the diurnal period was 4.7 Ϯ 0.8 mm Hg, which was not significantly different from the postural IOP effect of 4.8 Ϯ 0.8 mm Hg during the nocturnal period (P ϭ 0.961). These postural IOPs in the older group were not significantly different from those in the younger group, which were 4.3 Ϯ 1.5 mm Hg during the diurnal period (P ϭ 0.300) and 3.9 Ϯ 2.3 mm Hg during the nocturnal periods (P ϭ 0.180).
The mean nocturnal arterial blood pressure was lower than the diurnal levels in older subjects (91.4 Ϯ 17.0 vs. 97.3 Ϯ 12.7 mm Hg; P Ͻ 0.05) and in younger subjects (87.7 Ϯ 8.1 vs. 92.9 Ϯ 8.7 mm Hg; P Ͻ 0.01) when measured in the habitual body positions. The mean heart rate, measured in habitual body positions, was 71.6 Ϯ 9.5 (beats/min) during waking and 70.0 Ϯ 9.3 during sleeping hours in older subjects (P ϭ 0.63) vs. 72.6 Ϯ 9.3 and 65.3 Ϯ 8.0 in younger subjects (P ϭ 0.02).
DISCUSSION
The present study shows that aging can significantly delay the phase timing of the 24-hour IOP pattern toward the diurnal/ awake period and may not affect the magnitude of the postural IOP effect during the diurnal and the nocturnal periods. A concern of IOP investigations during sleep is the necessity of waking patients up for the IOP measurements. It is possible that the effect of arousal introduced certain artificial changes in the nocturnal IOP. However, data from continuous IOP recordings using a contact lens IOP sensor in uninterrupted sleeping patients show that the potential artifact is not significant and does not seem to affect nocturnal IOP patterns. 16 With both age groups undergoing testing under the same controlled environmental conditions, we assumed that other environmental effects on IOP patterns would be similar between the two study groups.
Several studies have reported that IOP increases with a postural change from sitting to supine with magnitudes ranging from as little as 0.3 Ϯ 1.8 to 5.6 Ϯ 1.7 mm Hg in healthy adults. 17, 18 Jain and Marmion 9 observed a direct relationship between age and postural IOP change in normal and glaucomatous eyes. However, similar to the above-mentioned studies, 17, 18 they assessed only IOP at limited time points during the day. Mosaed et al., 19 reported a relatively small difference in the postural IOP effect between healthy younger subjects and older subjects with healthy eyes when IOP readings were taken at several time points during office hours (average sitting and supine IOP differences were 4.2 and 4.6 mm Hg, respectively). The present study shows again that there was no difference between the postural IOP effect for 24 hours in a group of older subjects, similar to the observation in healthy younger subjects. 1 The nocturnal IOP elevation in the habitual body position appears to be associated with the postural change from vertical to recumbent at night. 16, 20 Other physiological determinants for the change of IOP at night remain unclear. Excluding the postural effect on episcleral venous pressure 11 and the choroi- IOPs (mm Hg) are mean Ϯ standard deviation and represent the average of both eyes. The diurnal period was 7 AM to 11 PM, and the nocturnal period was 11 PM to 7 AM. Twenty-four-hour patterns of mean IOP in healthy older (n ϭ 15) and healthy younger (n ϭ 16) adults in the sitting and supine positions. Error bars, SEM.
dal blood volume, 13 there is a potential influence of the sympathetic nervous system and baroreflex on IOP in the present study. The baroreflexes are the primary mechanism by which blood pressure can be rapidly modulated when body position is changed. Although the exact interplay between blood pressure and IOP is still unclear, the altered response in blood pressure due to the baroreflex may influence or accompany changes in aqueous humor dynamics and IOP. Singleton et al., 21 have reported that in patients who had orthostatic hypotension with autonomic imbalance, postural change produced significant IOP changes by sudden fluctuation of blood pressure. Aging is known to be associated with a decreased sensitivity of the parasympathetic but not the sympathetic arm of the baroreflex. 22 This age-related change may have physiological consequences, such as the reduced ability to deal with an acute challenge to the maintenance of blood pressure. Although the magnitude of blood pressure change from the supine to the sitting position is associated with lower levels of baroreceptor sensitivity in older adults, 22 this specific consideration of the baroreflex function seems to have limited influence on the postural IOP effect throughout the 24 hours.
Cortisol and melatonin are important regulators of human circadian rhythm, and both can have a direct effect on IOP. 4 -6,8 The endogenous release of each hormone is characterized by a circadian rhythm that is controlled by the output of the suprachiasmatic nucleus. 23 As the body ages, there is a rearrangement of the internal circadian phase timings among rhythms of cortisol, melatonin, and sleep. 24 In this context, the circadian rhythmicity and posture-independent IOP rhythm could be influenced by factors associated with the timing of cortisol and melatonin release, relative to the timing of sleep and provide certain explanations for the delayed phase timing of 24-hour IOP rhythm observed in the elderly.
Endogenous glucocorticoids, such as cortisol, are associated with a rise in IOP in normal subjects. 5, 25, 26 It has also been suggested that chronically higher levels of cortisol and its metabolic byproducts can cause slowly progressive changes in the trabecular meshwork and lead to elevated IOP and glaucomatous optic neuropathy. 27, 28 In healthy younger subjects, plasma cortisol peaks during morning hours before or after awakening and troughs around midnight. 23 The onset and midpoint but not the offset of nocturnal cortisol secretion is advanced in the elderly compared to younger controls. 24, 29 A relative advance in the phase timing of cortisol with age can potentially influence the circadian IOP rhythm. However, the fact that our older subjects had a phase-delay in their peak IOP seems to contrast with the expected aging effect of cortisol on IOP.
Melatonin has been shown to decrease IOP by reducing aqueous humor secretion. 6, 8, 30 Although the age-related decline of endogenous melatonin levels is uncertain, 31, 32 there is generally agreement on the aging effect on the circadian rhythm of melatonin secretion. Duffy et al., 33 investigated the relationship between the timing of plasma melatonin and the sleep-wake cycle in healthy young and old volunteers. They found a longer interval between usual bedtime and plasma melatonin midpoint in the older subjects. The awake times of the elderly began significantly earlier, which indicates that the plasma melatonin levels may be phase-delayed within the sleep of older subjects. Zhou et al., 34 showed that the acrophase of melatonin levels was similar in all age groups but they also found significantly higher offset levels in older subjects, indicating a delayed melatonin offset phase. They further show that these changes start to occur around the age of 40 years. It is not known how the delayed and higher offset levels of plasma melatonin reflect the rhythm of ocular melatonin. A delayed phase of ocular melatonin offset can be associated with the phase delay of the 24-hour IOP rhythm. Further biochemical studies are needed to investigate the potential interaction of melatonin and 24-hour IOP pattern.
A limitation of the present study is that six individuals in the older adult group (versus none in the younger adult group) used routine medication to control blood pressure and blood cholesterol. These medications may have some effects on the timing and magnitude of the 24-hour IOP rhythm and the related postural IOP response. We also assume that uncontrolled factors inside and outside the sleep laboratory have no significant impact on the comparison between the older subjects and the younger subjects whose data were collected approximately 9 years apart.
In conclusion, these experimental data verified our hypothesis that the 24-hour IOP rhythms in the sitting and supine body position are shifted in the older subjects, whereas the 24-hour IOP change patterns remain parallel. This information should be taken into consideration in clinical studies evaluating circadian IOP at different time points between age groups.
